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© An airspeed control system for autothrottles that 
provides rapid, accurate thrust settings when an air- 
plane is climbing, making a turn, encountering wind 
or turbulence and changing airspeed with a mini- 
mum of lag and error is disclosed. A predicted thrust 
value is summed (105) with a fine tune value based 
on airspeed error and the result is used to control 
airplane engine thrust via a closed loop control sys- 
tem. The predicted thrust value is created by sum- 
ming (21) a predicted steady state thrust value cre- 
ated by the autothrottle of the airplane with a predic- 
tion correction value that compensates for airplane- 
to-airplane differences and changes that occur due 
to aging. The thusly corrected predicted steady state 
thrust value is summed (29, 39) with altitude acquire 
change thrust, airspeed change increment and wind 
change increment values. The altitude acquire 
change thrust value is based on the difference be- 
tween climb thrust and cruise thrust multiplied by a 
smoothing factor formed by taking the square root of 
the difference between the present altitude and the 
altitude to be acquired (Ah) divided by the difference 
between the starting or original altitude and the 
altitude to be acquired (d). The airspeed and wind 
change increment thrust values are based on the 
difference, or error, between autopilot target air- 



speed and the actual airspeed of the airplane. The 
fine tune value is obtained from a control loop (50) 
that filters, integrates and applies a variable gain (51 , 
65) to airspeed errors. The variable gain is low when 
airspeed errors are low and increases to a maximum 
for larger airspeed errors. 
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Technical Area 



This invention relates to airplane control sys- 
tems and, more particularly, airspeed control sys- 
tems for autothrottles. 

Background of the Invention 

Many commercial airplanes, particularly large 
commercial airplanes, include automatic throttle 
systems (autothrottles) for controlling the airspeed 
of the airplane, particularly during the cruise portion 
of a flight. Fuel consumption is minimized and pilot 
confidence and acceptance of autothrottles is in- 
creased by autothrottles that control airplane cruise 
airspeed with minimum throttle activity (i.e., mini- 
mum throttle change). More specifically, accurate 
control of airplane airspeed is important because 
excess airspeed increases fuel consumption and 
lower than necessary airspeed increases flight time 
and other costs. Excessive throttle activity, over- 
shoots, or throttle hunting also increase fuel con- 
sumption. Excessive throttle activity, overshoots, or 
throttle hunting also cause pilots to lose confidence 
in autothrottles. Loss of confidence may lead a pilot 
to disconnect an autothrottle system and control 
airspeed manually. Manual control often leads to 
worse airspeed control and additional fuel con- 
sumption because it is difficult for a pilot to con- 
tinuously monitor airspeed and the airspeed excur- 
sions that result from throttle changes and wind 
changes. 

In the past, autothrottles have primarily used 
airspeed error to control throttle position. When an 
airplane is slow, the throttles are moved forward to 
increase airspeed and, when an airplane is fast, the 
throttles are moved aft to decrease airspeed. This 
approach requires that an airspeed error exists 
before corrective action takes place. In order to 
minimize the airspeed error required to produce 
the throttle motion necessary to eliminate the error, 
prior art autothrottles have increased system gain. 
Unfortunately, increasing system gain leads to ex- 
cessive throttle activity when normal wind turbu- 
lence is encountered. While various filters can be 
included in the airspeed input channel of autothrott- 
les to reduce throttle activity due to wind turbu- 
lence, the inclusion of filters has several disadvan- 
tages. Specifically, the inclusion of filters intro- 
duces lags in autothrottle response time and 
causes airspeed and throttle activity overshooting 
because of the delay that occurs between the time 
airspeed information is received and when it is 
used to control throttle motion. 

The present invention is directed to providing 
an automatic airspeed control system for an autoth- 
rottle that avoids the foregoing and other disadvan- 
tages. More specifically, the present invention is 
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directed to providing an automatic airspeed control 
system for an autothrottle that controls airplane 
cruise speed more accurately and with less throttle 
activity than prior art airspeed control systems 
5 used in autothrottles. As a result, fuel consumption 
is reduced and pilot confidence and acceptance 
are increased. 

Summary of the Invention 

w " 

In accordance with this invention, an automatic 
airspeed control system for an airplane autothrottle 
that provides rapid, accurate thrust settings when 
an airplane is rising to (i.e., acquiring) a new al- 

75 titude, making a turn, encountering winds and 
changing airspeeds with a minimum of lag and 
error is provided. In accordance with the invention, 
a predicted current thrust value is summed with a 
fine tune value, which is based on airspeed error, 

20 and the result is used to control airplane engine 
thrust via a closed loop control system. 

In accordance with other aspects of this inven- 
tion, the predicted thrust value is created by sum- 
ming the predicted airplane current steady state 

25 thrust value created, in a conventional manner, by 
the autothrottle of the airplane with a prediction 
correction value that compensates for airplane-to- 
airpfane differences and changes that occur due to 
airplane aging. The thusly corrected predicted 

30 steady state thrust value is summed with an al- 
titude acquire change thrust value and an airspeed 
change thrust value. The altitude acquire change 
thrust value is produced when an altitude change 
has been commanded by the autopilot. The air- 

35 speed change thrust value is produced when an 
airspeed change has been commanded by the 
autopilot system of the airplane, or wind or some 
other factor causes a non-autopilot commanded 
airspeed change. The airspeed change may be 

40 due to an autopilot commanded maneuver, e.g., a 
turn. More specifically, the commanded and wind 
airspeed change increment thrust values are based 
on the difference or error between the target air- 
speed set by the autopilot of the airplane and the 

45 actual airspeed of the airplane. An airspeed change 
increment thrust value is produced and automati- 
cally summed with the corrected predicted steady 
state thrust value when the autopilot commands an 
airspeed change. The wind change increment 

50 thrust value is produced and automatically summed 
with the corrected predicted steady state thrust 
value when an error exists between the autopilot 
commanded airspeed and the actual airspeed of 
the airplane, and the autopilot has not commanded 

55 an airspeed change. The altitude acquire change 
thrust value is based on the difference between the 
climb thrust and the cruise thrust of the airplane 
multiplied by an altitude acquire factor, preferably 

2 
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determined by taking the square root of the dif- 
ference between the current altitude and the al- 
titude to be acquired (Ah) divided by the difference 
between the starting altitude and the altitude to be 
acquired (d). The altitude acquire thrust change 
value is produced and automatically summed with 
the corrected predicted steady state thrust value 
when an altitude capture is commanded by the 
autopilot of the airplane. 

In accordance with further aspects of this in- 
vention, the fine tune value is obtained from a 
control loop that filters, integrates and applies a 
variable gain to airspeed errors. The variable gain 
is low when airspeed error is small and increases 
to a maximum for larger airspeed errors. 

In accordance with still further aspects of this 
invention, the control loop includes two paths, both 
of which include a variable gain. In addition, one 
path includes a second order filter and the other 
includes an integrator. Both paths receive an air- 
speed error value, i.e., a value that defines the 
difference between the target airspeed selected by 
the autopilot of the airplane and the actual airspeed 
of the airplane. The outputs of the two channels are 
summed and the result forms the fine tune value. 

As will be readily appreciated from the fore- 
going description, the invention provides an auto- 
matic airspeed control system for an autothrottle 
that controls airplane cruise airspeed more ac- 
curately and with less throttle activity than prior art 
systems. Because airspeed is controlled more ac- 
curately and with less throttle activity, fuel con- 
sumption is reduced. Further, pilot confidence and 
acceptance of the autothrottle is increased. These 
results are achieved by virtue of the creation of a 
predicted thrust value that is produced by combin- 
inQ a corrected predicted steady state thrust value 
with thrust increment values created by airspeed 
changes resulting from autopilot airspeed and al- 
titude acquire commands and external conditions 
(e.g., wind). Minimal overshoot and hunting during 
climb results from the way the altitude acquisition 
change thrust value is generated, i.e., by multiply- 
ing the difference between climb and cruise thrust 
by a smoothing factor, preferably the square root of 
the difference between the current altitude during 
the climb and the altitude to be acquired (Ah) 
divided by the difference between the starting or 
original altitude and the altitude to be acquired (d). 
The inclusion of a fine tune variable gain control 
loop creates minimal throttle activity when airspeed 
errors are small and increased throttle activity 
when airspeed errors are high. 



Brief Description of the Drawings 

The foregoing objects and many of the atten- 
dant advantages of this invention will become more 
5 readily appreciated as the same becomes better 
understood by reference to the following detailed 
description when taken in conjunction with the ac- 
companying drawings wherein: 

FIGURE 1 is a block diagram illustrating an 
io automatic airspeed control system for airplane 
autothrottles formed in accordance with this in- 
vention; 

FIGURE 2 is a control system diagram illustrat- 
ing the presently preferred way of creating a 

rs prediction correction value for the automatic air- 
speed control system illustrated in FIGURE 1; 
FIGURE 3 is a control system diagram illustrat- 
ing the presently preferred way of creating an 
altitude acquire change thrust value for the auto- 

20 matic airspeed control system illustrated in FIG- 
URE 1; 

FIGURE 4 is a pictorial diagram illustrating the 
smoothing effect of the control system illustrated 
in FIGURE 3; 

25 FIGURES 5 and 6 form a control system dia- 
gram that illustrates the presently preferred way 
of creating a commanded and wind speed 
change thrust value for the automatic airspeed 
control system illustrated in FIGURE 1; 

30 FIGURE 7 is a control system diagram illustrat- 
ing the presently preferred way of forming a 
filter included in the fine tune loop of the auto- 
matic airspeed control system illustrated in FIG- 
URE 1; 

35 FIGURE 8 is a pictorial diagram illustrating the 
gain characteristic of the variable gain circuit 
included in the fine tune loop of the automatic 
airspeed control system illustrated in FIGURE 1; 
and 

40 FIGURES 9 and 10 form a reset logic diagram 
suitable for use in the fine tune loop of the 
automatic airspeed control system illustrated in 
FIGURE 1. 

45 Description of the Preferred Embodiment 

FIGURE 1 illustrates an automatic airspeed 
control system for an airplane autothrottle formed 
in accordance with the invention. The airspeed 

so control system provides rapid, accurate thrust set- 
tings when an airplane is climbing, making a turn, 
encountering winds and changing airspeed with a 
minimum of lag and error. A predicted steady state 
thrust value generated, in a conventional manner, 

55 by the autothrottle of the airplane is additively 
summed in a first summer 21 with a prediction 
correction value. The prediction correction value 
compensates for airplane-to-airplane differences 
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and changes that occur due to airplane aging. That 
is, the prediction correction value compensates for 
small differences between airplanes, engines and 
sensors, resulting from manufacturing differences 
and changes that occur with airplane aging. The 
prediction correction value also compensates for 
minor prediction algorithm errors, i.e., minor errors 
in the autothrottle algorithm used to create the 
predicted steady state thrust varue. The prediction 
correction value is built up slowly over time. The 
presently preferred way of generating the predic- 
tion correction value is illustrated in FIGURE 2 and 
described next. 

As shown in FIGURE 2, the presently preferred 
way of generating the prediction correction value is 
to subtractively combine the actual thrust of the 
aircraft derived from the engine control servo loop, 
in the manner illustrated in FIGURE 1 and de- 
scribed below, with the predicted steady state 
thrust value generated by the autothrottle in a sec- 
ond summer 23. The error between these values, 
i.e., the output of the second summer 23, is applied 
through a first switch 25 to the input of a long-time 
constant integrator 27. A suitable integrator time 
constant value is .0001, resulting in the integrator 
being definable by the Laplace transform .0001 /S. 
The switch 25 is only closed when the aircraft is in 
an altitude hold state and the airspeed error, i.e., 
the error between the actual airspeed of the air- 
plane and the autopilot commanded target airspeed 
is relatively low-3 knots, for example. As a result, 
as noted above, the prediction correction value is 
slowly built up over time. In effect, the prediction 
correction value compensates for thrust errors, i.e., 
the error between actual steady state thrust and 
predicted steady state thrust, during cruise. Be- 
cause the prediction correction value corrects for 
airpiane-to-airplane differences and airplane aging, 
the output of the first summer 21 of FIGURE 1 is a 
corrected predicted steady state thrust value. Be- 
cause steady state only occurs at cruise, the output 
of the first summer can also be defined as a 
corrected predicted cruise thrust value. 

The output of the first summer 21 is additively 
summed with an altitude acquire change thrust 
value (AT) in a third summer 29. The altitude 
acquire change thrust value (AT) is applied to the 
third summer via a second switch 31. The altitude 
acquire change thrust value, AT, is based on the 
difference between the climb thrust necessary to 
achieve a desired cruise altitude and the thrust 
required to maintain the cruise altitude after it is 
acquired. The second switch 31 is closed during 
the period of time the airplane is climbing from its 
original or starting altitude to the cruise altitude to 
be acquired. 



FIGURE 3 is a block diagram illustrating, in 
mathematical form, the presently preferred way of 
producing the altitude acquire change thrust value, 
AT. A fourth summer 33 subtractively sums the 

5 starting or reference altitude with the cruise altitude 
to be acquired. The result of the subtractive sum- 
mation is a difference altitude designated d. A fifth 
summer 35 subtractively sums the cruise altitude 
to be acquired with the current altitude of the 

10 airplane, which continuously changes as the air- 
plane climbs. The result of this subtractive summa- 
tion is a difference altitude designated Ah. As 
shown in a block 37 in FIGURE 3, AT is equal to 
the square root of Ah divided by d times the 

75 difference between the airplane's climb thrust and 
the airplane's cruise thrust. 

FIGURE 4 illustrates that, in accordance with 
the invention, the difference between climb and 
cruise thrust is modified to linearly match the rate 

20 of change of the path. The thrust reduction from 
climb to cruise thrust is accomplished by adding 
the difference between climb thrust and cruise 
thrust, multiplied by 




to the predicted cruise thrust to provide the linear 
30 thrust reduction require for an altitude acquire ma- 
neuver. The square root of the altitude error factor, 



35 




proportionally ramps the altitude acquire change 
thrust value, AT, such that a smooth linear transi- 
tion occurs between climb and cruise thrust. 

40 The output of the third summer 29 is additively 

summed in a sixth summer 39 with an airspeed 
change thrust increment value. An airspeed change 
thrust increment value is produced in either of two 
ways. First, it is produced when the autopilot of the 

45 aircraft commands a change in airspeed. Second, it 
is produced when an error exists between the 
autopilot commanded airspeed and the actual air- 
speed of the aircraft, but the autopilot has not 
commanded an airspeed change. Airspeed errors 

so in the absence of an airspeed change command 
most commonly occur when wind velocity changes. 
Hence, for purposes of this application, non-auto- 
pilot commanded airspeed changes are generically 
denoted wind airspeed changes, it being under- 

55 stood that factors other than wind can create a non- 
autopilot commanded airspeed change. 
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FIGURES 5 and 6 are a block diagram illustrat- 
ing, in control system form, the presently preferred 
way of producing an airspeed change thrust incre- 
ment value. FIGURE 5 illustrates a control system 
that generates switch control signals that control 
switches illustrated in FIGURE 6. FIGURE 6 illus- 
trates a control system for producing an airspeed 
change thrust increment value based on the setting 
of the switches. Turning first to FIGURE 5, a target 
airspeed signal, i.e., a signal denoting the airspeed 
commanded by the autopilot of the aircraft, is ap- 
plied to the positive input of a seventh summer 41 
and to the negative input of an eighth summer 43. 
The seventh and eighth summers are both subtrac- 
tive summers. The output of the seventh summer 
41 is applied to the input of an integrator 45 and to 
the input of a limiter 47. The output of the limiter 
47 is applied to the SET input of a latch 49. The 
output of the integrator 45 is applied to the nega- 
tive input of the seventh summer 41 . Preferably the 
integrator 45 is a time constant of .25 whereby the 
Laplace transform of the integrator is .25/s. The 
limiter 47 prevents the application of signals to the 
SET input of the latch 49 whose magnitude lie 
below a predetermined value, such as ±4 knots, for 
example. 

A signal denoting the actual airspeed of the 
aircraft is applied to the positive input of the eighth 
summer 43. The output of the eighth summer 43 is 
applied to the inputs of first, second, third, and 
fourth hysteresis circuits 51 , 52, 53, and 54, and to 
the input of a polarity detector 55. The hysteresis 
circuits produce binary one outputs when their in- 
puts rise above a predetermined high value and 
binary zero outputs when their inputs drop below a 
predetermined low value. In the case of the first 
hysteresis circuit 51, a suitable high value is ±5 
knots and a suitable low value is ±2 knots. In the 
case of the second hysteresis circuit 52, a suitable 
high value is ±20 knots and a suitable low value is 
±12.5 knots. In the case of the third hysteresis 
circuit 53, a suitable high value is ±3 knots and a 
suitable low value is ±1.5 knots. In the case of the 
fourth hysteresis circuit 54, a suitable high value is 
±6 knots and a suitable low value is ±4 knots. 

The output of the first hysteresis circuit 51 is 
applied to one input of a first two input AND gate 
57. The output of the second hysteresis circuit 52 
is applied to one input of a second two input AND 
gate 59. The Q output of the latch 49 is applied to 
the second inputs of the first and second AND 
gates 57 and 59. The output of the first AND gate 
57 is a signal denoted SPEED CHANGE 1. In 
addition to being used to control the state of a 
switch illustrated in FIGURE 6 and described be- 
low, the output of the first AND gate 57 is applied 
to the RESET input of the latch 49. As illustrated 
by the negate symbol on the RESET input of the 



latch 49, the latch is reset on a binary one-to-zero 
transition. The output of the second AND gate 59 is 
a signal designated SPEED CHANGE 2. The binary 
state of the SPEED CHANGE 2 signal controls the 

5 state of another switch illustrated in FIGURE 6 and 
described below. 

The output of the third hysteresis circuit 53 is a 
signal designated OFFSPEED 1 and the output of 
the fourth hysteresis circuit is a signal designated 

w OFFSPEED 2. The binary states of OFFSPEED 1 
and OFFSPEED 2 control the states of a pair of 
switches illustrated in FIGURE 6 and described 
below. The output of the polarity detector is a 
signal designated OFFDEC. The binary state of the 

75 OFFDEC signal controls the state of a further 
switch illustrated in FIGURE 6 and described be- 
low. 

As will be readily appreciated by those skilled 
in the art and others from the foregoing description 

20 and viewing FIGURE 5, the seventh summer 41 in 
combination with the integrator 45 form a washout 
circuit that washes out slow changes in the target 
airspeed signal, i.e., prevents slow changes in the 
target airspeed signal from setting the latch 49. 

25 More specifically, as long as target airspeed signal 
changes are slow enough to allow the output of the 
integrator to counteract, i.e., wash out, the chang- 
ing signal before the output rises to a level ade- 
quate to trigger the limiter 47, i.e., rises above or 

30 drops below ±4 knots,, the latch 49 is not set. The 
latch 49 is not set because the output of the limiter 
remains low as long as the signal input to the 
limiter lies between ±4 knots. If the limiter input 
rises above +4 knots or drops below -4 knots, the 

35 output of the limiter shifts from a low, i.e., binary 
zero, state to a high, i.e., binary one, state. The 
shift from a low state to a high state sets the latch 
49. Thus, only rapid changes in the target airspeed 
signal that cause the output of the seventh summer 

40 41 to exceed ±4 knots causes the output of the 
limiter 47 to shift from a low state to a high state 
and the latch 49 to be set. When the latch 49 is 
set, its Q output goes high, whereby the first and 
second AND gates 57 and 59 are enabled to pass 

45 the outputs of the first and second hysteresis cir- 
cuits 51 and 53. 

If the difference between the target or com- 
manded airspeed and the actual airspeed, which is 
determined at the output of the eighth summer 43, 

50 rises above or drops below 5 knots, the output of 
the first hysteresis circuit 51 shifts from a low, i.e., 
binary zero, state to a high, i.e., binary one, state. 
This results in the SPEED CHANGE 1 signal shift- 
ing from a binary zero state to a binary one state, 

55 provided, of course, that the airspeed change was 
commanded by the autopilot and was rapid enough 
to set the latch 49 and enable the first AND gate 57 
in the manner heretofore described. Thereafter, 
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when the speed error (i.e., the difference between 
the target airspeed and the actual airspeed) drops 
below ±2 knots, the output of the first hysteresis 
circuit 51 shifts from a binary one state to a binary 
zero state, resulting in the SPEED CHANGE 1 
signal shifting from a binary one state to a binary 
zero state. This change resets the latch 49 and 
returns a switch illustrated in FIGURE 6 and de- 
scribed below to its quiescent state. 

If the airspeed error rises above the high limits 
set by the second hysteresis circuit, i.e., above ±20 
knots, the output of the second hysteresis circuit 
52 shifts from a binary zero state to a binary one 
state. When the output of the second hysteresis 
circuit 52 shifts from a binary zero state to a binary 
one state, the SPEED CHANGE 2 signal shifts from 
a binary zero state to a binary one state, assuming 
again that the airspeed change was commanded 
by the autopilot and was rapid enough to set the 
latch 49. When the airspeed error thereafter drops 
below the lower limits set by the second hysteresis 
circuit, i.e., below ±12.5 knots, the output of the 
second hysteresis circuit 52 returns to a binary 
zero state, whereby the SPEED CHANGE 2 signal 
shifts from a binary one state to a binary zero 
state. As will be better understood from the follow- 
ing description of FIGURE 6, the state of SPEED 
CHANGE 2 controls the state of a switch. 

Whenever the airspeed error, i.e., the output of 
the eighth summer, rises above ±3 knots, the out- 
put of the third hysteresis circuit shifts from a 
binary zero state to a binary one state. Thus, the 
OFFSPEED 1 signal shifts from a binary zero state 
to a binary one state. When the airspeed error 
thereafter drops below ±1.5 knots, the output of the 
third hysteresis circuit and, thus, OFFSPEED 1, 
returns to a binary zero state. When the airspeed 
error rises above ±6 knots, the output of the fourth 
hysteresis circuit shifts from a binary zero state to 
a binary one state. Thus, the OFFSPEED 2 signal 
shifts from a binary zero state to a binary one 
state. When the airspeed error thereafter drops 
below ±4 knots, the output of the fourth hysteresis 
circuit and, thus, OFFSPEED 2, returns to a binary 
zero state. 

As will be readily appreciated from the fore- 
going description, the outputs of the first, second, 
third, and fourth hysteresis circuits overlap. For 
example, a rapid change in autothrottle speed set- 
ting creating a greater than 20-knot airspeed error 
will cause both SPEED CHANGE and both OFF- 
SPEED signals to shift from binary zero states to 
binary one states. Rapid autothrottle changes creat- 
ing a less than 20-knot but greater than 5-knot 
airspeed error will cause the SPEED CHANGE 1 
and both OFFSPEED signals to shift from binary 
zero states to binary one states. Both rapid and 
slow speed changes creating an airspeed error 
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greater than 6 knots will cause both OFFSPEED 
signals to shift from binary zero states to binary 
one states, regardless of whether either or both of 
the SPEED CHANGE signals change states. Both 
5 rapid and slow speed changes creating an airspeed 
error greater than 3 knots but less than 6 knots will 
cause the OFFSPEED 1 signal but not the OFF- 
SPEED 2 signal to shift from a binary zero state to 
a binary one state regardless of whether both of 
10 the SPEED CHANGE signals change state. 

As will be understood from the following de- 
scription of FIGURE 6, only one of SPEED 
CHANGE 1, SPEED CHANGE 2, OFFSPEED 1, 
and OFFSPEED 2 signals controls the value of the 
75 airspeed change thrust increment to the sixth sum- 
mer 39. In general, SPEED CHANGE 2 controls if 
the latch 49 is set and the magnitude of the air- 
speed error is greater than ±20 knots. SPEED 
CHANGE 1 controls if the latch is set and the 

20 airspeed error is greater than ±5 knots, but less 
than ±20 knots. OFFSPEED 2 controls if the latch 
49 is not set and the airspeed error is greater than 
±6 knots. OFFSPEED 1 controls if the latch is not 
set and the airspeed error is greater than ±3 knots, 

25 but less than ±6 knots. 

The polarity detector 55 responds to the polar- 
ity of the speed error signal. When the actual 
speed of the aircraft is less than the target air- 
speed, the output of the polarity detector is in a 

30 binary one state. When the actual airspeed of the 
aircraft is above the target airspeed, the output of 
the polarity detector 55 is in a binary zero state. 

As shown on the left side of FIGURE 6, a 
normalized, fixed thrust value is additively summed 

35 with an altitude correction factor by a ninth summer 
61 . More specifically, a signal representing a spe- 
cific thrust value, such as 1,000 pounds, normal- 
ized for a specific altitude, i.e., sea level, is applied 
to one input of the ninth summer 61. An altitude 

40 signal generated by the altimeter of the aircraft 
controls the magnitude of an altitude correction 
factor, which is applied to the second input of the 
ninth summer 61. The altitude correction is, thus, 
based on the altitude of the aircraft. The correction 

45 factor may, for example, be equal to .0004 for each 
foot above sea level. 

The output of the ninth summer 61 is applied 
to the inputs of four multiplier circuits 63, 65, 67 
and 69. The first and second multiplier 63 and 65 

50 are associated with two switches whose states are 
controlled by the states of the OFFSPEED 1 and 
OFFSPEED 2 signals. The third and fourth multipli- 
ers 67 and 69 are associated with two switches 
whose states are controlled by the states of the 

55 SPEED CHANGE 1 and SPEED CHANGE 2 sig- 
nals. For convenience of illustration, all of these 
switches are schematically shown as single-poled 
double throw switches. In an actual embodiment of 
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the invention, the switches would be either software 
switches or semiconductor switches controlled by 
binary zero and one voltages. When the controlling 
signal is in a binary zero state, the common termi- 
nal of the related switch is connected to the upper 
remote terminal of the switch. When the controlling 
signal is in a binary one state, the common termi- 
nal of the related switch is connected to the lower 
remote terminal of the switch. While different val- 
ues can be used, preferably, the multiplication fac- 
tor of the first multiplier 63 is 0.1, the multiplication 
factor of the second multiplier 65 is 0.4, the mul- 
tiplication factor of the third multiplier 67 is 1 .0, and 
the multiplication factor of the fourth multiplier 69 is 
4.0. 

The output of the first multiplier 63 is applied 
to the lower remote terminal of the switch con- 
trolled by the OFFSPEED 1 signal. The upper 
remote terminal of this switch is unconnected. The 
common terminal of the switch controlled by the 
OFFSPEED 1 signal is connected to the upper 
remote terminal of the switch controlled by the 
OFFSPEED 2 signal. The output of the second 
multiplier is applied to the lower remote terminal of 
this switch. The common terminal of the switch 
controlled by the OFFSPEED 2 signal is connected 
to the upper remote terminal of the switch con- 
trolled by the SPEED CHANGE 1 signal. The out- 
put of the third multiplier 67 is connected to the 
lower remote terminal of this switch. The common 
terminal of the switch controlled by the SPEED 
CHANGE 1 signal is connected to the upper re- 
mote terminal of the switch controlled by the 
SPEED CHANGE 2 signal. The output of the fourth 
multiplier 69 is connected to the lower remote 
terminal of this switch. The common terminal of the 
switch controlled by the SPEED CHANGE 2 signal 
is connected to the input of an inverter 71 and to 
the upper remote terminal of a further switch con- 
trolled by the OFFDEC signal. The output of the 
inverter 71 is connected to the lower remote termi- 
nal of the same switch. The common terminal of 
the switch controlled by the OFFDEC signal is 
connected to the sixth summer (FIGURE 1). Thus, 
the airspeed thrust increment signal is formed at 
the common terminal of the switch controlled by 
the OFFDEC signal. 

As will be readily appreciated from the fore- 
going description and viewing FIGURE 6, the 
switches controlled by the OFFSPEED 1, OFF- 
SPEED 2, ^ SPEED CHANGE 1, and SPEED 
CHANGE 2 signals form a switch network that 
functions in the manner described above. If all of 
the switch control signals are in a binary one state, 
the switch controlled by the SPEED CHANGE 2 
signal controls the magnitude of the airspeed thrust 
increment because only the output of the fourth 
multiplier 69 is connected to the inverter 71 and 
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the upper terminal of the switch controlled by the 
OFFDEC signal. If the SPEED CHANGE 2 signal is 
in a binary zero state and SPEED CHANGE 1, 
OFFSPEED 2, and OFFSPEED 1 are all in binary 

5 one states, SPEED CHANGE 1 controls because 
only the output of the third multiplier 67 is con- 
nected to the input of the inverter 71 and the upper 
terminal of the switch controlled by the OFFDEC 
signal. If SPEED CHANGE 1 and SPEED CHANGE 

10 2 are both in binary zero states and OFFSPEED 1 
and OFFSPEED 2 are in binary one states, OFF- 
SPEED 2 controls because only the output of the 
second multiplier 65 is connected to the input of 
the inverter and the upper terminal of the switch 

75 controlled by the OFFDEC signal. Finally, if the 
SPEED CHANGE 2, SPEED CHANGE 1, and OFF- 
SPEED 2 signals are all in binary zero states and 
OFFSPEED 1 is in a binary one state, OFFSPEED 
1 controls because only the output of the first 

20 multiplier is connected to the input of the inverter 
and the upper terminal of the switch controlled by 
the OFFDEC signal. 

In summary, the magnitude of the thrust incre- 
ment signal is determined by the magnitude of the 

25 airspeed error. Airspeed errors caused by wind or 
other non-autothrottle controlled factors generate 
relatively small thrust increment signals. Very small 
wind-created airspeed errors cause very small 
thrust increment signals, whereas higher wind-cre- 

30 ated airspeed errors cause the generation of higher 
thrust increment signals. More specifically, low 
wind-created airspeed errors create a relatively 
small airspeed change thrust increment value be- 
cause the first multiplier multiplies the output of the 

35 ninth adder 61 by a relatively small factor, e.g., 0.1. 
Larger wind-created airspeed errors create larger 
airspeed change thrust increment values because 
the second multiplier multiplies the output of the 
ninth adder 61 by a larger factor, e.g. 0.4. Small 

40 autothrottle-created airspeed errors create small 
airspeed change thrust increment values because 
the third multiplier multiplies the output of the ninth 
summer by a relatively small factor, e.g., 1. Con- 
trariwise, higher autothrottle-created airspeed errors 

45 cause higher airspeed change thrust increment val- 
ues because the fourth multiplier multiplies the 
output of the ninth adder 61 by a higher factor, 
e.g., 4. 

As shown in FIGURE 1, prior to being used to 
so control the thrust of the engine, the output of the 
sixth summer 39 is fine tuned by the output of a 
variable gain, continuous airspeed error control 
loop 80. The variable gain of this control loop is 
low when the actual airspeed of the airplane is near 
55 the target airspeed. As a result, throttle activity is 
minimized when airspeed errors are low. Gain and, 
thus, throttle activity increases for larger airspeed 
errors. 
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The variable gain, continuous airspeed error 
control loop 80 includes a tenth summer 81. The 
tenth summer 81 is a subtractive summer that 
sums the target airspeed commanded by the auto- 
pilot with the actual airspeed of the airplane. The 
resultant error is applied to a first variable gain 
circuit 83 and to a filter network 85. The output of 
the variable gain circuit 83 is applied through a 
third switch 87 to the input of an integrator 89. 
Preferably, the time constant of the integrator is 

0. 01. As a result, the Laplace transform of the 
integrator 89 is .01 /s. The output of the integrator 
89 is applied to one input of an eleventh summer 
91. 

The integrator 89 is controlled by integrator 
reset logic 90. The integrator reset logic stores the 
last value of the integrator 55 for recall and either 
sets the integrator 55 to zero or to the last value of 
the integrator. When the autopilot of the airplane is 
not in an altitude hold mode of operation, or the 
autothrottle is turned off, both the integrator 89 and 
the last value of the integrator are set to zero. The 
integrator 89 is set to the last value of the integra- 
tor whenever the autopilot of the airplane com- 
mands the airspeed of the airplane to return to an 
"on speed" condition. FIGURES 9 and 10 illustrate 
logic intended to accomplish these results while 
avoiding other problems, such as the integrator 89 
running away while trying to bring the aircraft on 
speed as a result of a wind change. In essence, the 
output of the integrator, taken during steady state 
fine tuned conditions, is updated periodically (e.g., 
every 20 seconds) provided no commanded or 
wind speed changes have occurred. The thusly 
developed "last" value of the integrator is also not 
updated if the airplane goes offspeed due to wind, 
and ground speed has not changed. The last value 
of the integrator is also not updated if the airspeed 
error is over a predetermined value, e.g., 2 knots, 
for an extended period of time (e.g., 120 seconds) 
and ground speed has not changed during that 
period of time. More specifically, the last value of 
the integrator is not updated under these conditions 
if the difference between the ground speed at the 
beginning of the extended period of time and the 
ground speed at the end of the extended period of 
time is less than some value, such as 7 knots. The 
purpose of this limitation is to differentiate between 
"normal" speed errors due to winds producing a 
change in ground speed and cyclical errors due to 
miscomputation of the algorithm. Such errors may 
be due to either the "fine tune" being in error or 
the prediction correction being in error. 

The first step of the logic illustrated in FIGURE 
9 is a determination of whether or not the autothrot- 
tle of the aircraft is in a track mode of operation, 

1. e., if a particular speed control is being tracked by 
the autothrottle. If the autothrottle is not in a track 
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mode of operation, the integrator value (INT) is set 
equal to zero. In addition, the last or held value of 
the integrator (INTHD) is set equal to zero. Then a 
track integrator flag (TNTINT) is set. After these 

5 steps have taken place, or if the aircraft is in a 
track mode of operation, a test is made to deter- 
mine if a term denoted LOGIC 1 is true. LOGIC 1 is 
true if TNTINT is set, the aircraft is in an altitude 
hold mode of operation, a speed value is being 

io tracked, and no speed change has been com- 
manded. If LOGIC 1 is not true, a flag (TNTOFF) 
set in the manner described to denote that the 
aircraft is in a track mode of operation and off- 
speed is cleared. Thereafter, the logic cycles to the 

75 portion illustrated in FIGURE 10 and described 
below. 

If LOGIC 1 is true, a test is made to determine 
if the aircraft is transitioning to an offspeed mode 
of operation. If the aircraft is transitioning to an 

20 offspeed mode of operation, an extended length of 
time timer (OFFDLY) is set equal to a predeter- 
mined value (120 seconds). Thereafter, a held or 
stored ground speed value (VGNDHD) is set equal 
to the ground speed of the aircraft (VGND). Next, 

25 the TNTOFF flag is set. Then, the logic cycles to 
the portion illustrated in FIGURE 10 and described 
below. In essence, this sequence of steps has 
initialized the extended length of time timer 
(OFFDLY) at the beginning of an offspeed con- 

so dition. 

If the aircraft is not transitioning to an offspeed 
condition, a test is made to determine if the aircraft 
is offspeed. If the aircraft is offspeed, the OFFDLY 
timer is decremented. Thereafter, the logic cycles 

35 to the portion illustrated in FIGURE 10 and de- 
scribed below. In essence, this sequence is a loop 
that is passed through during the period of time the 
aircraft is offspeed in order to determine if it will 
remain offspeed for the extended length of time 

40 established by the OFFDLY timer. 

If the aircraft is not offspeed, a test is made to 
determine if the aircraft is transitioning to an on- 
speed condition. If the aircraft is transitioning to an 
onspeed condition, a test is made to determine if a 

45 term denoted LOGIC 2 is true. LOGIC 2 is true if 
the TNTOFF flag is set, the OFFDLY timer value is 
less than 0.0, and the absolute value of the dif- 
ference between the held ground speed (VGNDHD) 
and the actual ground speed (VGND) is less than 7 

so knots. If LOGIC 2 is true, a track integrator held 
flag (TNTHLD) is cleared. The TNTINT flag is also 
cleared. Thereafter, the logic cycles to the portion 
illustrated in FIGURE 10 and described below. In 
essence, this series of steps, as will be better 

55 understood from the following description of FIG- 
URE 10, bypasses resetting the integrator 55 be- 
cause the offspeed value existed for more than 120 
seconds and the change in ground speed was less 
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than 7 knots. As also will be better understood from 
the following description of FIGURE 10, bypassing 
the resetting of the integrator is accomplished by 
clearing the TNTHLD flag. If the aircraft is not 
transitioning to an onspeed condition or if LOGIC 2 
is not true, the TNTOFF flag is cleared prior to 
cycling to FIGURE 10. 

The first step in the portion of the reset logic 
illustrated in FIGURE 10 is a test to determine If a 
term denoted LOGIC 3 is true. LOGIC 3 is true 
whenever the aircraft is not in a steady cruise state. 
More specifically, LOGIC 3 is true if a speed 
change has been commanded, the aircraft is off- 
speed, the aircraft is not in an altitude hold mode 
of operation, or if the aircraft is not tracking a 
specific speed command. If LOGIC 3 is true, the 
TNTHLD flag is set. Thereafter, a track integrator 
delay timer (TNTDLY) is set to a predetermined 
value (e.g., 20 seconds). Thus, as described below, 
the program tests the value of a TNTDLY timer. If 
LOGIC 3 is not true, the TNTHLD flag is tested. If 
the TNTHLD flag is set, the TNTHLD flag is 
cleared. Then, the integrator value (INT) is set 
equal to the integrator held value (INTHD). There- 
after, the TNTDLY timer is tested. If the TNTHLD 
flag is not set, the TNTDLY timer is decremented. 
Thereafter, the program cycles to the TNTDLY 
timer test. 

If the TNTDLY timer is not equal to zero, the 
logic cycle is repeated. If the TNTDLY timer is 
equal to zero, the held integrator value (INTHD) is 
set equal to the integrator value (INT). Thereafter, 
the integrator delay timer (TNTDLY) is again set 
equal to a predetermined value (e.g., 20 seconds). 
Then, the logic cycle is repeated. The logic cycle 
may be repeated immediately or, if the logic cycle 
forms a portion of an overall program, it may be 
repeated after other steps of the overall program 
have taken place. 

Turning to FIGURE 7, preferably the filter net- 
work 85 includes two (twelfth and thirteenth) sum- 
mers 93 and 95 and two first order filters 97 and 
99. The twelfth and thirteenth summers 93 and 95 
are both additive summers. The airspeed error, i.e., 
the output of the tenth summer 81 , is summed by 
the twelfth summer 93 with the longitudinal accel- 
eration of the airplane. The result of the summation 
is filtered by one of the first order lag filters 97. 
The output of this first order lag filter 97 is 
summed by the thirteenth summer 95 with the 
longitudinal acceleration and the result of the sum- 
mation is applied to the input of the other first 
order lag filter 99. The output of this first order lag 
filter is a complemented (i.e., filtered) airspeed 
error signal. Preferably, both first order lag filters 
have a time constant of 10 and, thus, can be 
represented by the Laplace transform 
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5 As shown in FIGURE 1, the output of the second 
first order lag filter 99 is applied through a fourth 
switch 101 and a second variable gain filter 103 to 
the second input of the eleventh summer 91. 

In order to prevent the fine tune output of the 

w variable gain, continuous airspeed error control 
loop 80 from affecting the linear capture of the 
target airspeed when a thrust increment is being 
produced as a result of a commanded airspeed 
change, the third and fourth switches 87 and 101 

15 are open when a thrust increment signal is being 
produced in the manner illustrated in FIGURE 6 
and described above. As a result, a thrust incre- 
ment produced as a result of a commanded air- 
speed change uniformly accelerates an airplane 

20 incorporating this invention to the commanded tar- 
get airspeed. 

As shown in FIGURE 8, the gain of the first and 
second variable gain circuits 83 and 103 depends 
upon the magnitude of the input applied to the gain 

25 circuits, i.e., the magnitude of the airspeed error. If 
the airspeed error is less than a predetermined 
value, such as ±2 knots, the gain applied to the 
input signal is low-0.1 , for example. Above a high- 
er predetermined value, ±10 knots, for example, 

30 the gain applied to the input signal is higher— 0.4, 
for example. A smooth ramp transition occurs be- 
tween these limits, i.e., between ±2 knots and ±10 
knots. 

As shown in FIGURE 1, the output of the 

35 eleventh summer 91 is additively summed with the 
output of the sixth summer 39 by a fourteenth 
summer 105. The results of this summation are 
subtractively summed with the actual thrust gen- 
erated by the aircraft's engines, as determined by 

40 a conventional engine thrust calculation circuit 107 
by a fifteenth summer 109. The output of the 
fifteenth summer 109, which is the difference be- 
tween the actual thrust and the predicted steady 
state thrust value modified in the manner here- 

45 tofore described, is applied via a servo controller 
111 to the throttle servo 113 of the engines 115. 
Sensors on the engines provide the signals utilized 
by the engine thrust calculation circuit 107 to deter- 
mine actual thrust. 

so As will be readily appreciated by those skilled 

in the airplane control system art from the fore- 
going description, this invention provides an auto- 
matic airspeed control system for airplane autoth- 
rottles that provides rapid, accurate thrust settings 

55 when an airplane is climbing, making a turn, en- 
countering winds, and changing airspeed with a 
minimum of lag and error. These results are 
achieved by summing a predicted thrust value with 
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thrust values based on the action taking place. If 
the aircraft is climbing, the thrust value to be 
summed is determined by the difference between 
climb thrust and cruise thrust modified by a factor 
that creates a smooth transition between climb and 
cruise. If a change in the airspeed of the airplane is 
commanded by the autopilot, an airspeed change 
thrust value is automatically summed with the pre- 
dicted thrust value to create the thrust value used 
to control the thrust produced by the engines of the 
airplane. Similarly, if winds or movement of the 
aircraft, i.e., a turn, causes an airspeed error, a 
compensating thrust value is automatically gen- 
erated and summed with the predicted thrust value 
to create the control thrust value. 

While a preferred embodiment of the invention 
has been illustrated and described, it will be appre- 
ciated that, within the scope of the appended 
claims, various changes can be made therein. 

Claims 

The embodiments of the invention in which an 
exclusive property or privilege is claimed are de- 
fined as follows: 

1. In an autothrottle that produces a predicted 
steady state thrust value for use in controlling 
the thrust produced by the engines of an air- 
plane, the improvement comprising an auto- 
matic airspeed control system, said automatic 
airspeed control system including: 

modification means for modifying said pre- 
dicted steady state thrust value with incre- 
mental thrust values based on airspeed errors 
and altitude changes; and 

fine tune means for fine tuning said modi- 
fied, predicted steady state thrust value based 
on the difference between the actual airspeed 
of an airplane and the desired airspeed of the 
airplane. 

2. The improvement claimed in Claim 1 , wherein 
said modification means includes: 

means for producing a prediction correc- 
tion value based on the difference between 
said predicted steady state thrust and the ac- 
tual thrust produced by the engines of said 
aircraft at cruise; and 

first summation means for summing said 
predicted steady state thrust value with said 
predicted correction value to produce a cor- 
rected predicted steady state thrust value. 

3. The improvement claimed in Claims 1 or 2, 
wherein said modification means includes a 
second summation means for summing an al- 
titude acquire change thrust value with said 
corrected, predicted steady state thrust value. 
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4. The improvement claimed in Claim 3, wherein 
said altitude acquire change thrust value is 
determined by multiplying the difference be- 
tween the thrust needed for the airplane to 

5 climb from a starting altitude to a cruise al- 

titude to be acquired minus the thrust at the 
cruise altitude by a smoothing factor. 

5. The improvement claimed in Claim 4, wherein 
10 said smoothing factor is determined by taking 

the square root of the difference between the 
cruise altitude to be acquired and the current 
altitude divided by the difference between the 
cruise altitude to be acquired and the starting 
75 altitude. 

6. The improvement claimed in Claim 1, 2, 3, 4, 
or 5, wherein said fine tune means includes: 

third summation means for determining the 
20 difference between the actual airspeed of the 

airplane and the commanded (target) airspeed; 
and 

variable gain means for modifying the am- 
plitude of said difference between said actual 
25 and target airspeeds based on the difference 

therebetween. 

7. The improvement claimed in Claim 6, wherein: 

(a) said variable gain means includes: 
30 (i) two channels, one of said channels 

including an 
integrator for integrating said airspeed dif- 
ference, the other of said channels including 
a filter for filtering said airspeed difference 
35 and both of said channels including a vari- 

able gain amplifier; and 

(ii) a fourth summation means for sum- 
ming the outputs of said channels to 
form a fine tune value; and 
40 (b) said fine tune means also includes a fifth 

summation means for summing the output 
of said second summation means with the 
fine tune value formed by said fourth sum- 
mation means. 

45 

8. The improvement claimed in Claim 7, wherein 
said fine tune means also includes reset logic 
for resetting said integrator to either zero or 
the last value generated by said integrator 

50 under predetermined conditions. 

9. The improvement claimed in Claim 8, wherein 
said predetermined conditions include: 

resetting both said integrator and the last 
55 value of said integrator to zero when said air- 

plane is not in an altitude hold mode of opera- 
tion and said autothrottle is turned off; and 

said integrator is set to the last value of 

10 
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said integrator whenever the autothrottle of 
said airplane commands the airspeed of said 
airplane to return to an "on speed" condition. 

10. The improvement claimed in Claims 1 through 5 
9, wherein said modification means includes a 
sixth summation means for summing an air- 
speed change thrust increment value based 
either on a change in commanded (target) air- 
plane speed of the airplane or a change in the 10 
speed of the airplane not resulting from a 
change in the commanded (target) airspeed 

with said corrected, predicted steady state 
thrust value. 

75 

11. The improvement claimed in Claim 10, wherein 
said airspeed change thrust increment value is 
determined by determining if a change in air- 
speed is based on a commanded (target) air- 
speed change or a non-commanded (target) 20 
airplane speed change and controlling said air- 
speed change thrust increment value in accor- 
dance with said determination. 

12. The improvement claimed in Claim 11, wherein 25 
said determination is made by determining if 

the rate of change of airspeed is slow or rapid, 
rapid airspeed changes indicating a change in 
the commanded (target) airplane speed and 
slow airspeed changes indicating a change in 30 
a non-commanded (target) airplane speed. 

13. The improvement claimed in Claim 12, includ- 
ing seventh summation means for summing 

the actual airspeed of the airplane with the 35 
commanded (target) airspeed of the airplane to 
determine the error therebetween and includ- 
ing hysteresis means for generating speed 
change control signals when said error rises 
above a particular value and terminating said 40 
speed change control signals when said error 
drops below a predetermined value. 



first predetermined level and wherein the other 
of said speed change signals, produced when 
a change in airspeed is based on a com- 
manded (target) airplane speed change, is 
generated when said speed error is above a 
second predetermined level, said second pre- 
determined level being greater than said first 
predetermined level. 

16. The improvement claimed in Claim 15, wherein 
one said speed change signals, produced 
when a change in airspeed is not based on a 
commanded (target) airplane speed, is gen- 
erated when said speed error is above a first 
predetermined level and wherein said other 
speed change signal, produced when a change 
in airspeed is not based on a commanded 
(target) airplane speed, is generated when said 
speed error rises above a second predeter- 
mined level, said second predetermined level 
being greater than said first predetermined lev- 
el. 

17. The improvement claimed in Claim 16, wherein 
said airspeed change thrust increment value is 
based on a normalized thrust value corrected 
for altitude multiplied by a factor whose mag- 
nitude is based on the state of said speed 
change signals. 

18. The improvement claimed in Claim 8, wherein 
said reset logic does not reset said integrator 
to zero or the last value generated by said 
integrator when the difference between ground 
speed and airspeed lies below a predeter- 
mined value. 



14. The improvement claimed in Claim 13, wherein 

said hysteresis means produces four speed 45 
change signals, two of said speed change sig- 
nals being produced when a change in air- 
speed is based on a commanded (target) air- 
plane speed change and two of said speed 
change signals being produced when a change so 
in airspeed is not based on a commanded 
(target) airplane speed change. 

15. The improvement claimed in Claim 14, wherein 

one of said speed change signals, produced 55 
when a change in airspeed is based on a 
commanded (target) airplane speed change, is 
generated when said speed error is above a 
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